Tuberous Sclerosis Complex (TSC) is an autosomal dominant disorder associated with mutations in TSC1 that codes for hamartin or TSC2 that codes for tuberin. The brain is one of the most severely affected organs, and CNS lesions include cortical tubers and subependymal giant cell astrocytomas (SEGAs), resulting in mental retardation and seizures. Tuberin and hamartin function together as a complex in mammals and Drosophila. We report here, the association of Pam, a protein identified as an interactor of Myc, with the tuberin-hamartin complex in the brain. Here we show that HIW can genetically interact with the Tsc1-Tsc2 complex in Drosophila and could negatively regulate Tsc1/Tsc2 activity. Based on genetic studies HIW has been implicated in ubiquitination, possibly functioning as an E3 ubiquitin ligase through the RING zinc finger domain. We therefore hypothesize that Pam, through its interaction with tuberin, could regulate the ubiquitination and proteasomal degradation of the tuberin-hamartin complex particularly in the CNS.
INTRODUCTION
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by benign hamartomas in brain, kidney, heart, lung and skin. It is a developmental disorder with abnormalities in cell migration, differentiation, and proliferation. Neurological complications include seizures, mental retardation and autism (1) . The disease is caused by mutations in tumor suppressor genes TSC1 or TSC2 encoding hamartin and tuberin respectively (2, 3) . Hamartin and tuberin associate in vivo forming a complex with other proteins (4) . Rodent models of Tsc1 and Tsc2 develop renal cyst adenomas, with liver hemangiomas observed in mouse models (5) (6) (7) (8) .
Mutations in either Drosophila Tsc1 or Tsc2 show increase in cell and organ size, whereas coexpression of dTsc1 and dTsc2 inhibits growth and reduces cell size (9) (10) (11) (12) . Studies from fly also suggest that dS6 kinase may be an inhibitory target of dTsc1 and dTsc2 in growth control tuberin and/or hamartin lead to an increase in GTP bound Rheb, which in turn leads to activation of the mTOR/S6K/4E-BP signaling pathway.
Thus, recent studies have placed tuberin and hamartin in growth signaling pathways, however, critical CNS functions of these proteins remains unknown. Our recent work demonstrates that unlike kidney lesions, CNS lesions such as cortical tubers do not display a second somatic mutation, and other mechanisms might play a role during tumorigenesis in the CNS (25) . Furthermore, we have shown that the tuberin-hamartin complex exists with NF-L and ezrin, radixin and moesin (ERM) proteins in the growth cone and could play a role in neuronal migration (26) . In our efforts to understand the tuberin-hamartin complex in the CNS, we have identified Pam (protein associated with Myc) (27) 
EXPERIMENTAL PROCEDURES
cDNA Constructs-For the yeast two-hybrid screen, human tuberin (aa449-1000) was amplified and cloned into the two-hybrid vector pEG202 (31) . For domain mapping, tuberin deletion constructs were generated using the same strategy. Tuberin bait was also subcloned as a 5'-FLAG fusion protein into pcDNA3 vector. Pam spanning aa4492-4641 in vector pJG4-5 was released and cloned into pGEX4T-1 (PF1). PF2 (Pam aa4312-4641) in pGEX2TK was a kind gift from Dr. Q. Guo (NIH, Bethesda, MD). PF2 was also cloned as a Myc fusion protein into pCMV3b vector (Stratagene). The integrity of all inserts was confirmed by sequencing.
Interaction Trap Screening-Yeast strain Egy48 was sequentially transformed with the tuberin bait and human fetal frontal cortex library fused to the activation domain of GAL4 in the plasmid pJG4-5, and selected on ura-, his-, trp-, plates (32) . Positive clones which showed β-gal activity within 2 days on plates, and within 60 min by filter assay were isolated, sequenced and analyzed for homology with sequences in the NCBI database.
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(Synaptic Systems, Goettingen, Germany), neu-N (Chemicon). PP1, a polyclona antibody against human Pam peptide (aa4519-4534) was generated in rabbits (Research Genetics) and affinity purified using the sulfolink affinity purification kit (Pierce Laboratories).
Cell Culture, Transfection, and Expression of GST-Fusion Proteins-PC12 and 293T cells were grown using standard conditions. Primary cortical neurons from E19 embryonic rat brain were cultured as previously described (26) . For immunocytochemistry, cultured neurons were fixed with 4% paraformaldehyde in PBS for 10 min or 30 min at RT, and stored in PBS at 4 o C. FLAG fusion construct of tuberin bait in pcDNA3 and Myc-tagged PF2 were transfected into 293T cells with lipofectamine 2000 (Gibco-BRL), using standard protocols described with the reagent. PF1
and PF2 were expressed employing E.coli BL21pLys S and 100µM IPTG.
Immunoprecipitation, Pulldown Assays-For co-immunoprecipitation of endogenous Pam and tuberin, PC12 cells and embryonic rat brain were lysed in Nonidet P-40 lysis buffer (150mM 7 (26) using GST-Pam (PF1 and PF2) and lysates from 293T cells, followed by immunoblots using antibodies for FLAG, tuberin, and hamartin.
Immunocytochemistry-Fixed neurons were permeabilized with 0.1% Triton-X100 (Sigma), blocked with 10% normal goat serum containing 1% BSA and incubated with 13H9, anti-Neu-N, or anti-Vamp2, followed by secondary antibody (26) . Coverslips were then incubated with PP1, the respective secondary antibody, and then mounted in gelvatol mounting media. For double staining with PP1 and C20 or HF3, PP1 was conjugated with Alexaflour 594 (Molecular Probe).
Cells were incubated with C20 or HF3, followed by donkey anti-rabbit Cy2 and then with conjugated PP1. Images were captured using the LSM 5 pascal software coupled to a Zeiss LSM Pascal Vario 2 RGB confocal system. Negative controls included omitting primary antibodies and blocking of PP1 or C20 with immunogenic peptide. showed a lesser degree of transcription activation. Baits consisting of aa449-914 and aa394-549
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RESULTS
Identification of Pam as a Binding
were negative (Fig. 3) . These results suggest that the tuberin domain encoding aa914-1000 is necessary for the interaction between the two proteins. (Fig. 4A) . In rat brain, Pam expression was abundant on embryonic day E16, but declined with increasing age. Interestingly, coupled with this decline in expression, appearance of a ~350kD protein with gradual increasing expression was consistently observed in the postnatal period (Fig. 3B) , the nature of which remains to be characterized. 
Pam is Expressed in Developing Nervous
Localization of Pam in Primary Cortical
Co-localization of Pam with the Tuberin-Hamartin Complex in Neurites and Growth Cones-We
next examined whether Pam and the tuberin-hamartin complex were present in similar subcellular locations within cultured neurons. Tuberin, is predominantly cytoplasmic with a strong perinuclear localization in the cell body ( Fig 5C) . Evidence for tuberin translocation to the nucleus, however, has been reported earlier through its association with steroid receptor family members (34, 35) . Tuberin also showed punctate localization along the neurites. Pam co-localized with tuberin and hamartin along the neurites and in the growth cones ( Fig. 6A-F) . It is noteworthy that Pam co-localized with hamartin in one of the filopodial extensions at the tip of a growth cone (Fig. 6F, arrowhead) . We have recently reported that hamartin exists together with the ERM family of actin-binding proteins in growth cones (26) . Here, double labeling experiments revealed that Pam partially overlaps with the ERM proteins in the growth cone ( Fig. 
6G-I).
Pam homolog HIW modulates Tsc1/Tsc2 activity in Drosophila-It has been established previously that co-expression of dTsc1 and dTsc2 genes in the eye using the eye-specific enhancer eyeless (eyGAL4) results in a smaller eye phenotype due to slower cell cycles and reduced cell size. This small eye phenotype was shown to be modulated by insulin receptor pathway genes, including S6K and PTEN (10) (11) (12) . We used this system to test whether hiw can genetically modulate dTsc1/dTsc2 activity in vivo (Fig.7) . Removal of hiw gene in male flies overexpressing Tsc1+Tsc2 result in further smaller eyes compared to controls overexpressing Tsc1+Tsc2 (Fig. 7C ). All the hiw mutant alleles tested (ND8, EP1305, ND42, ND69, and EMS) revealed enhanced eye phenotype, some of which are derived from different genetic screens and have different genetic background ( Fig. 7D-H) , strongly suggesting a genetic interaction between hiw and the dTsc1/Tsc2 complex. The enhancement of Tsc1+Tsc2 phenotype by the removal of hiw gene indicates that hiw negatively regulates Tsc1/Tsc2 activity in Drosophila eye. hiw mutant flies alone appear similar to the wild type control shown ( Fig.7A and B) . A flurry of reports have appeared within the last year demonstrating that Akt phosphorylates and inactivates tuberin in a PI3-kinase-dependent manner in both mammals and fly (14, 16, 20, 21) . Human TSC2 sequence has six potential Akt phosphorylation sites, of which S939
and T1462 are conserved in dTsc2 (S924 and T1518). Mutations of these residues to nonphosphorylatable alanines in both systems show substantially reduced Akt-mediated phosphorylation (14, 21) . Akt-mediated phosphorylation was also shown to promote degradation of the tuberin-hamartin complex, and the mechanism for this remained unclear. However, a recent study proposes that activation of Akt triggers the ubiquitination and subsequent proteosomal degradation of proteins containing phosphorylated Akt substrate motifs including tuberin (40) . The precise mechanism by which Akt targets tuberin for uquitination is unknown. 
